Abstract. The application of two-photon excitation to confocal laser scanning microscope (CLSM) leads two-photon laser scanning microscopy (TPLSM) to become an important tool in biology. The simultaneous absorption of two photons can reduce the phototoxicity and scattering, which can realize better imaging depth and high quality image. However, the spatial resolution of TPLSM is limited by optical diffraction, which is a barrier for its application. Structured illumination microscopy (SIM) offers rapid imaging speed for living cells and resolution enhancement by a factor of two. In this paper, we propose a nonlinear two-photon structured illumination microscopy (NTPSIM) that combines SIM with two-photon excitation, enabling resolution in thick specimens imaging twice of the normal resolution. Our method has the ability of less scattering and better depth penetration. Through theoretical simulation, we demonstrated that NTPSIM can improve imaging resolution significantly and provide strong penetrability with rapid imaging speed.
Introduction
Fluorescence microscope's real-time dynamic imaging ability of living cells and the advantage of specificity mark make it widely used in the life science, materials, and polymer field [1] . The resolution of the conventional fluorescence microscopy is limited by the optical diffraction. This limit is a barrier for researchers to observe more precise structure. In recent years, various super-resolution fluorescence microscopy techniques about breaking the diffraction limit can be divided into two groups [2] . The first group is based on the single molecular localization microscopy (SMLM), such as photoactivated localization microscopy (PALM) [3] , fluorescent photoactivated localization microscopy (FPALM) [4] , and stochastic optical reconstruction microscopy (STORM) [5] . Another group employs the nonlinear effects or the transformation of illumination to improve resolution, including stimulated emission depletion (STED) microscopy [6] , and structured illumination microscope (SIM) [7] . SMLM has high resolution but restrained by its slow imaging speed [7] [8] [9] [10] . Also, the applications of total internal reflection fluorescence (TIRF) improve the signal-to-noise (SNR) of images but sacrifice the depth of imaging [11] . STED has high imaging speed, but the resolution of STED microscopy is easily degraded by the depth-dependent aberrations [12] .
Linear SIM is one of the most effective tools for real-time observation of living cells. It's a wide field illumination imaging method without depletion and photoswitching [13] . However, linear SIM imaging can only increase the resolution by a factor of two, and the imaging depth is restricted, which is a barrier for the application of SIM [14] [15] . The use of long wavelength infrared light or near-infrared light in TPLSM preserves the light to focus on deep tissue, and its background disturbance is minimal mainly due to its ability to reject out-of-focus light [16] [17] . According to Abbe diffraction limit, the wavelength of two-photon incident laser is longer than the wavelength of single photon incident laser [18] , and its resolution is slightly reduced. Combining SIM with two-photon excitation, we can obtain unresolvable high resolution information of the thick tissues [19] . The NTPSIM, merging the characteristics of TPLSM and the advantages of SIM could be a powerful tool in biomedical research.
Theory and Simulation
Traditional microscopic imaging process can be written as:
(1) In the above equation, I(r) is the illumination pattern. O(r) is the object sample, and psf(r) represents the point spread function of the microscope imaging system. In traditional microscopy, I(r) is uniform, and it can only observe the information that within a circular region in frequency domain [20] . In linear SIM, the illumination pattern change to stripe illumination pattern, and the moire fringe is used to move the high frequency information into the region from the outside to make it visible so that the resolution can be improved. In the two dimensional linear SIM, I(r) can be represented by the following equation:
(2) kx and ky are the frequency of the stripes in the x and y direction, and the frequency of both directions in single photon SIM is set to k0 in this paper. In Fourier space, the illumination pattern is represented by Eq. 3, and Cn is the strength coefficient of nth harmonic. ∑ ∑ (4) By multiplying the simulated object and five different phase illumination patterns, different original images can be obtained, and take original images to FFT. The information of different frequencies will be separated for the image construction by solving 5×5 equations from Eq. 4. Then, the frequency domain of the super-resolution image could be obtained. After the IFFT, the final super-resolution image is retrieved.
In the two dimensional NTPSIM (2D-NTPSIM), the wavelength of two-photon excitation is twice the wavelength of single photon excitation [21] , so when the wavelength is changed, the frequency of effective illumination pattern becomes half. And the effective illumination pattern of the 2D-NTPSIM is represented by Eq. 5, where kx and ky are k0/2. And the effective illumination pattern is shown in Figure 1(a) , and the 2D-NTPSIM effective illumination pattern of frequency domain expression is Eq. 6. 
In the similar way, the wavelength of the three-photon excitation is three times of single photon excitation wavelength. Thus, the frequency of effective illumination pattern will become third of the single photon. The 2D three-photon structured effective illumination pattern is represented by Eq. 7, where kx, ky for k0/3. The effective illumination pattern of three-photon SIM is simulated and shown in Figure 1(b) , and the frequency domain expression is Eq. 8. Molecular excitation by the simultaneous absorption of three photons is difficult to realize in practical application, so we mainly discuss the imaging process of NTPSIM. From Eq. 7, the object which illuminated by the two-photon structured illumination pattern will contain 13 different frequency information. Therefore, 13 pairs of two-photon structured illumination pattern with different phases are needed to obtain the original images, and then through the separation of the information, different frequencies information could be acquired for image recombination. Similarly, it contains 25 pieces of information after the object illuminated by the three-photon structure illumination pattern, and then 25 original images are required to obtain the information of 25 different frequencies and reconstruct the super-resolution Fourier image. The final result can be obtained after IFFT. The reconstruction process of 2D-NTPSIM is described in Figure 2 . In Figure 2 (h), which is the desired super-resolution image, the pairs of bars can be distinguished when the bar's spacing is beyond 130 nm. Thus, the resolution of reconstructed images can be improved by a factor of two.
Discussion
In the simulation of 2D-NTPSIM, we developed two imaging methods. One is described in the above simulation, which is 2D-NTPSIM. Another is by changing the orientation angle of illumination pattern basing on the one-dimensional SIM, so that the resolution can be improved in all directions to realize two-dimensional super-resolution imaging. The frequency domain information of one-dimensional two-photon SIM consists of five parts (0, +kx, -kx, +2kx, -2kx) . Then changing the direction of kx and sweeping the entire field to realize wide field super-resolution imaging. The reconstruction process of rotary NTPSIM is shown in Figure 3 .
In the simulation of rotary NTPSIM, multiplying the simulated object by the illumination patterns with different orientation and phase, and convoluting with airy disk could get different raw frames. Next, we separate information in different frequency in the space domain according to Eq. 4. In order to improve the accuracy of information shift distance, we use the translation characteristics of the Fourier transform to carry out the shift, such as Eq. 9. Thus, in space domain, multiplying the separated information by coefficient shown in Figure 3 and merging the images together can obtain the super-resolution frame. The set of low-frequency information that can be observed by the conventional microscope is a circular observable region of radius 1/k0 in frequency domain. A long-wavelength excitation light will decrease the shift distance of high-frequency domain (kx and ky decrease). In the process of image reconstruction, repetition of the frequency domain information that is moved back to original positions will create more artifacts.
Therefore, without losing any frequency domain information, we only add the outside frequency domain information and the origin frequency domain information (the area represented by the blue circle in Figure 4 ) and ignore the light blue circle in the image reconstruction for less artifacts. Comparing two imaging methods through the simulation of the imaging construction process, the 2D-NTPSIM is based on frequency domain, and the rotary NTPSIM is based on space domain. For rotary NTPSIM, when the orientations of pattern can cover all directions, the resolution is uniform in all directions, as shown in Figure 4 (c). However 2D-NTPSIM's resolution in ~45 ° and ~135 ° directions is smaller than x and y axis, as shown in Figure 2 (h) and Figure 4(a) . And, in practical application, kx is usually not an integer, thus, the accuracy of information shift distance in 2D-NTPSIM is not better than rotary NTPSIM. In the process of image recombination, the 2D-NTPSIM adds multiple low-frequency information, while the rotary NTPSIM adds low-frequency information only once. Comparing the super-resolution image reconstructed by the two methods ( Figure 2 and Figure 3 ), the artifacts in Figure 2 are more significant. Therefore, the method of image reconstruction in rotary NTPSIM is better than 2D-NTPSIM.
Summary
To sum up, the NTPSIM can improve the resolution by a factor of two with fast imaging speed. According to the theoretical simulation, compared with 2D-NTPSIM, the rotary NTPSIM offers better accuracy of displacement in practical practice and the resolution is more uniform with less artifacts. NTPSIM can provide high SNR and anti-noise capability without decrease of resolution. And in the TPLSM imaging process, the stimulation of two-photon deepen imaging depth. These characteristics improve the imaging quality greatly, making NTPSIM have extensive application prospect in the field of thick tissues imaging. We believe it can promote the application of super-resolution imaging in biological medicine, polymer material science, etc.
